The maltose-regulated mlr-2 gene from the hyperthermophilic archaeon Pyrococcus furiosus having homology to bacterial and eukaryal prolyl endopeptidase (PEPase) was cloned and overexpressed in Escherichia coli. Extracts from recombinant cells were capable of hydrolyzing the PEPase substrate benzyloxycarbonyl-GlyPro-p-nitroanilide (ZGPpNA) with a temperature optimum between 85 and 90°C. Denaturing gel electrophoresis of purified PEPase showed that enzyme activity was associated with a 70-kDa protein, which is consistent with that predicted from the mlr-2 sequence. However, an apparent molecular mass of 59 kDa was obtained from gel permeation studies. In addition to ZGPpNA (K Mapp of 53 M), PEPase was capable of hydrolyzing azocasein, although at a low rate. No activity was detected when ZGPpNA was replaced by substrates for carboxypeptidase A and B, chymotrypsin, subtilisin, and neutral endopeptidase. N-[N-(L-3-trans-Carboxirane-2-carbonyl)-L-Leu]-agmatine (E-64) and tosyl-L-Lys chloromethyl ketone did not inhibit PEPase activity. Both phenylmethylsulfonyl fluoride and diprotin A inhibited ZGPpNA cleavage, the latter doing so competitively (K lapp of 343 M). At 100°C, the enzyme displayed some tolerance to sodium dodecyl sulfate treatment. Stability of PEPase over time was dependent on protein concentration; at temperatures above 65°C, dilute samples retained most of their activity after 24 h while the activity of concentrated preparations diminished significantly. This decrease was found to be due, in part, to autoproteolysis. Partially purified PEPase from P. furiosus exhibited the same temperature optimum, molecular weight, and kinetic characteristics as the enzyme overexpressed in E. coli. Extracts from P. furiosus cultures grown in the presence of maltose were approximately sevenfold greater in PEPase activity than those grown without maltose. Activity could not be detected in clarified medium obtained from maltose-grown cultures. We conclude that mlr-2, now called prpA, encodes PEPase; the physiological role of this protease is presently unknown.
Pyrococcus furiosus is an obligately anaerobic marine archaeon whose optimal growth temperature is 100°C (11) . The organism grows on a variety of complex carbon sources including starch and peptides and is capable of reducing sulfur (3, 11, 15, 29) . Because of its hyperthermophilic characteristics, P. furiosus has been the focus of significant biochemical and physiological studies and is one of the most studied hyperthermophilic archaea to date (1, 15, 30) . Several proteins have been shown to function at temperatures greater than 90°C (15, 17) , and enzymes displaying novel activities have been isolated and characterized (1, 12, 18) . A few classes of hydrolytic enzymes from P. furiosus and other hyperthermophiles, including those having proteolytic activities, have been examined (1, 6, 10, 12, 17) . P. furiosus produces several proteases with estimated molecular masses ranging from 66 to 135 kDa (2, 6, 10, 32) . These proteases are highly stable at temperatures of 95°C and above, and many are resistant to denaturation by sodium dodecyl sulfate (SDS) (2, 6, 10, 12, 32) . Resistance to heat denaturation makes them ideal candidates for studying the structural determinants of thermostability and is the basis for their use in biotechnological applications.
Previously, we isolated a group of genes from P. furiosus whose regulation was dependent upon the presence of maltose in the medium (26) . One gene, called mlr-2, was sequenced, and the deduced product, a 71-kDa protein, was found to have considerable homology with prolyl endopeptidase (PEPase) from bacteria and eukarya (52 to 57% similarity; 30 to 37% identity) (25) . The homology was especially striking in three domains within the carboxy-terminal portion of the protein containing the signature Ser-Asp-His catalytic triad, a characteristic of PEPase (20) . PEPase is not related to the trypsin and subtilisin families of serine peptidases and is representative of a new family of peptidases (20, 22, 23) . The enzyme specifically cleaves the sequence X-Pro-Y (where X and Y are any amino acid) on the carboxyl side of Pro (5, 20, 36) . Discovered by Walter et al. (35) as an oxytocin-degrading activity in human uterus, PEPase is widely distributed in organisms ranging from mammals to bacteria (5, 36) . In addition to P. furiosus, DNA sequences are available for the structural genes from only four other organisms: humans (31, 34) , the porcine Sus scrofa (23) , Flavobacterium meningosepticum (5), and Aeromonas hydrophila (14) .
Our initial characterization indicating that mlr-2 had the potential to encode a protease (specifically PEPase) was interesting in light of our previous results demonstrating that the pattern of mlr-2 expression in P. furiosus was not consistent with that found for general protease activity in this archaeon (25, 26) . That is, while the addition of maltose to the culture medium was found to increase mlr-2 mRNA levels 5-to 10-fold (26) , similar conditions resulted in decreased protease levels (1) . Thus, in order to understand the role mlr-2 plays in P. furiosus, we began by focusing on the mlr-2 product in greater detail. In the present study, the P. furiosus mlr-2 gene, which we rename prpA, was cloned and overexpressed in Escherichia coli. The prpA product was purified and characterized, and we demonstrate that it possesses PEPase enzymatic activity. In addition, we examined the maltose-dependent regulation of PEPase activity in P. furiosus and found that enzyme activity varies in the same manner as prpA mRNA, being regulated approximately sevenfold.
MATERIALS AND METHODS
Strains and growth conditions. P. furiosus DSM 3638 was cultured by the method of Robb et al. (24) . When required, filter-sterilized maltose was added to autoclaved medium to a final concentration of 10 mM. (27) supplemented with chloramphenicol (34 g/ml). When necessary, ampicillin was added to a final concentration of 50 g/ml.
Cloning and overexpression of prpA. Plasmid pJS3 harbors a 1.9-kb NcoIBamHI DNA fragment containing the entire prpA gene inserted into the NcoIBamHI cloning site of plasmid pET11d (Novagen) (Amp r ). The fragment was constructed by PCR with oligonucleotide primers such that NcoI and BamHI were placed at 5Ј and 3Ј ends of the prpA coding region, respectively; NcoI provided a restriction site at the presumed prpA initiator codon, 11 bases downstream from the P. furiosus transcription start point (25) (see Results). Confirmation that the cloned fragment contained the correct sequence in the proper open reading frame was done by DNA sequencing by the dideoxy chain termination method of Sanger et al. (28) . The prpA gene product, PEPase, was expressed in E. coli BL21(pJS3) after induction with 1 mM isopropylthio-␤-Dgalactoside (IPTG) according to the procedural instructions provided by Novagen, Inc. Cultures were harvested 2 to 3 h after IPTG induction by centrifugation at 5,000 ϫ g for 5 min at 4°C. Cell pellets were placed at Ϫ80°C.
Purification of PEPase from E. coli. E. coli BL21(pJS3) was lysed by suspending pelleted cells from 50 ml of culture in 2.5 ml of 50 mM Tris (pH 7.5) and by freeze-thawing as recommended by Novagen, Inc. Extracts were clarified by centrifugation at 11,400 ϫ g for 10 min at 4°C and were treated with streptomycin sulfate to a final concentration of 1% for 1 h at 4°C. After centrifugation at 11,400 ϫ g for 10 min at 4°C, proteins were removed by heating at 90°C for 15 min and then by centrifugation at 11,400 ϫ g for 10 min at 4°C. The supernatant fraction was recovered, and the heating-centrifugation cycle was repeated; the resulting supernatant fraction is referred to as the 2ϫ90 fraction.
Purification of PEPase from the 2ϫ90 fraction was accomplished by highperformance liquid chromatography with a Bio-Rad 2800 system equipped with a Bio-Select SEC 250-5 size exclusion column (300 by 7.8 mm). The elution buffer was composed of 50 mM Tris-HCl (pH 8.0) and 10% glycerol. All purification steps were done at 4°C. Purity of PEPase-containing fractions was verified by SDS-polyacrylamide gel electrophoresis (PAGE) (27) .
Purification of PEPase from P. furiosus. P. furiosus cells from a 15-liter culture supplemented with 10 mM maltose were washed in 10 mM Tris-HCl (pH 7.5)-100 mM KCl. The cell pellet was resuspended in 33 ml of 50 mM Tris-HCl (pH 9) and lysed by passage through a French pressure cell at 20,000 lb/in 2 . The lysate was centrifuged for 5 min at 14,000 ϫ g, 4°C, to pellet insoluble debris. The supernatant fraction was then treated with streptomycin sulfate (1% final concentration). After centrifugation, the supernatant fraction was fractionated by DEAE-Sephacel anion-exchange chromatography with a gradient of 0 to 1 M NaCl in 50 mM Tris-HCl (pH 9). Fractions containing PEPase activity eluted at approximately 0.3 M NaCl. After concentration with a Centriprep 3 microconcentrator (Amicon) at 4°C, the ion-exchange fraction was added to the Bio-Select SEC 250-5 column as described above. PEPase-containing activity was collected and loaded onto a hydroxylapatite column equilibrated with 10 mM Na 2 HPO 4 (pH 6.8); PEPase activity eluted from the column in the presence of 200 mM Na 2 HPO 4 (pH 6.8). The pooled fractions were then dialyzed against 1,000 volumes of 50 mM Tris-HCl (pH 8.0)-10% glycerol. All purification steps were done at 4°C.
Protease activity assays. Except where noted, PEPase activity was measured by monitoring the hydrolysis of benzyloxycarbonyl-Gly-Pro-p-nitroanilide (ZGPpNA). Standard assays were done in the following manner. One milliliter of 15 mM glycylglycine-HCl (pH 8.0) was preheated for 5 min, at which time 20 l of sample was added, followed by 10 l of 10 mM ZGPpNA. Samples were incubated at 85°C for 5 min. The assay was stopped by the addition of 100 l of ice-cold 1 M trichloroacetic acid, and samples were transferred to ice. Absorbance was determined at 410 nm. A unit of activity is defined as that producing a change in absorbance at 410 nm of 0.1 per min. Protein determinations were done by the spectrophotometric method of Kalb and Bernlohr (13) or by the colorimetric assay of Bradford (4) .
PEPase ability to hydrolyze azocasein was determined by the method of Cowan et al. (7) . For these experiments, 100 l (11 g) of partially purified enzyme was added to 900 l of azocasein solution (7) . Samples were incubated at 85°C for 30 min, and the absorbance was determined at 410 nm. A unit of activity is defined as described previously (7) .
PEPase activity in cell extracts. P. furiosus cultures grown in the presence and absence of maltose, as described above, were harvested and washed with 50 ml Tris-HCl (pH 8.0)-250 mM KCl and placed on ice. Cells were suspended in 2.5 ml of 50 mM Tris-HCl (pH 8.0), and passed twice through a French pressure cell at 20,000 lb/in 2 . After centrifugation at 14,000 ϫ g, 4°C, for 10 min, crude extracts were treated with streptomycin sulfate at a final concentration of 1% and subsequently clarified by centrifugation. PEPase activity was measured by the standard assay described above.
Protein sequencing. The sequence of the first 10 amino-terminal residues of PEPase purified from BL21(pJS3) was determined by Lucinda Jack, Protein Sequencing Laboratory, Medical Biotechnology Center, University of Maryland Biotechnology Institute.
Materials. All reagents were of the highest purity available. Diprotin A was obtained from Nova Biochem. Tosyl-L-Lys chloromethyl ketone (TLCK), benzoyl-L-Tyr ethyl ester (BTEE), and
hippuryl-L-Phe, and phenylmethylsulfonyl fluoride (PMSF) were from Sigma. ZGPpNA and benzyloxycarbonyl-Gly-Gly-Leu-p-nitroanilide (ZGGLpNA) were from Bachem Bioscience (King of Prussia, Pa.).
RESULTS
Cloning of prpA. As described in Materials and Methods, we used PCR to place NcoI and BamHI restriction sites at 5Ј and 3Ј ends of the prpA open reading frame, respectively, so that the entire open reading frame could be inserted within the multicloning site of plasmid pET11d, thereby creating plasmid pJS3. The NcoI site was positioned so that it contained the first AUG codon after the P. furiosus transcription start point that established the prpA open reading frame. Selection of this AUG was based on a comparison of the deduced P. furiosus prpA protein sequence to PEPase sequences from A. hydrophila (14) , F. meningosepticum (5), and S. scrofa (23) , which indicated that the amino acids specified by codons 3, 4, 5, and 7, relative to the initiator AUG, i.e., MEDPYIW, are conserved in the amino-terminal portions of the enzymes from those organisms. We note that the proximity of the initiator AUG to the transcription start site suggests that the P. furiosus prpA gene may fall into the class of archaeal genes whose translation occurs by an as-yet-undetermined mechanism. That is, the P. furiosus prpA sequence does not contain an apparent ribosome binding site (25) , a feature that has been found among a subclass of archaeal genes (8) .
Overexpression and characterization of PEPase. Two to three hours after IPTG induction, strain BL21(pJS3) was found to produce a protein with a molecular mass of approximately 70 kDa (Fig. 1, lane 2) , which was not present prior to induction and did not appear in extracts from parent strain BL21 or BL21(pET11d) (not shown). The 70-kDa protein remained in the soluble fraction when extracts from strain BL21(pJS3) were subjected to heating at different temperatures. In fact, when heated to 90°C for 15 min, approximately 80% of the E. coli proteins precipitated, leaving behind the 70-kDa protein (Fig. 1, lane 3) . Resistance to treatment at 90°C is a characteristic of many proteins from P. furiosus and strongly suggests that the 70-kDa protein is the prpA product.
When assayed for PEPase activity with ZGPpNA as substrate, only BL21(pJS3) exhibited significant activity at temperatures ranging from 25 to 85°C. Since it was likely that the activity was associated with the 70-kDa protein, this protein was purified to greater than 95% homogeneity (Fig. 1, lane 4) as described in Materials and Methods. The sequence of the 10 amino-terminal residues, MEDPYIWMEN, was identical to that predicted for the prpA product (25) , and the apparent size, based on denaturing gel electrophoresis, was consistent with that deduced from the prpA gene sequence (25) . Furthermore, the ability to cleave ZGPpNA was associated only with fractions containing the 70-kDa protein. These results confirmed that the P. furiosus prpA product is a protein that has PEPase activity.
Size exclusion chromatography indicated that native PEPase is a monomer, a characteristic that it shares with PEPase from other sources (5, 14, 23) . However, the apparent molecular mass of the native enzyme determined by these studies was consistently found to be approximately 59 kDa, eluting between bovine serum albumin (66 kDa) and carbonic anhydrase (29 kDa) size standards (data not shown). This result was obtained both for preparations that were heat treated and for those that were not subjected to the 90°C heat treatment as well as samples that were chromatographed in the presence of 150 mM KCl. To determine whether this characteristic was not due to some consequence of overexpression in E. coli, we partially purified PEPase from crude extracts of P. furiosus (see Materials and Methods). When examined by size exclusion chromatography, PEPase from P. furiosus was indistinguishable from the enzyme purified from the heterologous host, also eluting with an apparent molecular mass of approximately 59 kDa (not shown). Yet, when subjected to SDS-PAGE, the 59-kDa fraction contained a protein having an apparent molecular mass of 70 kDa (not shown). Thus, the lower-thanexpected molecular mass observed for native PEPase appears to be due to some property of the enzyme. Whether this property is an artifact of size exclusion chromatography as well as of the temperature at which chromatography was done (4°C) or is related to some structural property of the enzyme remains to be determined.
Since several properties of PEPase prepared from P. furiosus, including kinetic parameters for ZGPpNA, temperature optima, and thermal stability (see below), were found to be identical to those of the enzyme overproduced in the heterologous E. coli host, the results reported below are based on studies using the enzyme purified from strain BL21(pJS3). ) (2). Several inhibitors were examined for their influence on PEPase activity. Incubation of PEPase (3 g/ml) with the serine protease inhibitor PMSF (at a concentration of 5 mM) resulted in an 87% loss in PEPase activity. Cysteine protease inhibitors E-64 and TLCK did not affect PEPase activity when present at a concentration as high as 100 M. The dipeptidylpeptidase inhibitor diprotin A (H-Ile-Pro-Ile-OH) (33) was found to influence PEPase activity competitively, with a K Iapp of 343 M (not shown).
Many proteases from P. furiosus display some resistance to heat treatment in the presence of SDS (2, 6, 12) . This was also found to be the case for PEPase, which retained 40% of its activity (at a concentration of 150 g/ml) when heated to 100°C for 10 min in the presence of 1% SDS. Whether the inactivated portion was irreversibly denatured or could be reactivated by removal of SDS was not determined.
Temperature optimum and thermostability. The optimum temperature for PEPase activity was between 85 and 90°C (Fig.  2) , with less than 5% of maximal activity observed at room temperature (not shown) and less than 30% observed at 105°C (Fig. 2) .
PEPase stability at different temperatures for various periods of time was examined, and the results are shown in Fig. 3 . Treatment of purified preparations for 24 h at either 4 or 37°C did not significantly affect enzyme activity (Fig. 3) . On the other hand, approximately 40% and less than 20% of the initial PEPase activity remained after 24 h of incubation at 65 and 95°C, respectively. The inactivation observed at 65°C could be reversed by the addition of 25% glycerol (Fig. 3B) , with little loss in enzyme activity after 24 h. Under these conditions, glycerol may be acting by stabilizing protein structure. At 95°C, however, glycerol appeared to have a stabilizing effect only during the first hour of incubation and could not influence inactivation after 24 h (Fig. 3B) . The loss in PEPase activity observed at both 65°C and the physiologically relevant 95°C over time is not characteristic of many enzymes from P. furiosus (1) and may be explained by a number of factors including the absence of some stabilizing agent that is present in vivo.
Alternatively, under the conditions tested it is conceivable that the enzyme is capable of autoproteolysis. Indeed, as shown in Fig. 4 , the effect of temperature on PEPase stability was found to be concentration dependent. Dilute enzyme preparations (5.4 g/ml) incubated in the presence of 25% glycerol were very stable, retaining approximately 80% of the enzyme's original activity after 20 h at 95°C (Fig. 4) ; more concentrated samples displayed progressively less retention of activity after heat treatment. SDS-PAGE confirmed that, at 95°C and at a concentration of 220 g/ml, autoproteolysis was occurring (Fig. 5) . At this concentration, in the presence of glycerol, no significant decreases were detected in the 70-kDa PEPase polypeptide at 4, 37, and 65°C after 24 h (Fig. 5, lanes 2, 3 , and 4, respectively), which is consistent with the results shown in Fig. 3B . On the other hand, almost none of the PEPase polypeptide could be detected after incubation for 24 h at 95°C (Fig. 5, lane 5) , which explains the loss of activity observed after this time ( Fig. 3 and 4) . Thus, under dilute conditions PEPase from P. furiosus is considerably thermostable, and the inactivation that was observed at high temperatures was due, in large part, to autoproteolysis. PEPase activity in P. furiosus. Extracts of P. furiosus grown in the presence and absence of maltose as described in Materials and Methods were assayed for PEPase activity. Approximately sevenfold more activity was found in maltose-grown cultures (specific activity of 5.5 U mg of protein
Ϫ1
) than in cultures grown in the absence of the carbohydrate (specific activity of 0.8 U mg of protein Ϫ1 ), which is consistent with the results obtained for variations in prpA (mlr-2) mRNA (25) . We could not detect any PEPase activity in spent medium from mid-to late-exponential-phase cultures, indicating that the enzyme does not appear to be exported under these physiological conditions.
DISCUSSION
Overexpression of the P. furiosus prpA gene in E. coli enabled us to determine that the prpA product possessed many of the characteristics expected of the prolyl oligopeptidase family of enzymes, including substrate specificity and inhibitor sensitivity. The Pro-containing substrate, ZGPpNA, which is characteristically used to monitor PEPase activity, was cleaved with high affinity by the prpA product, yielding a K Mapp for ZGPpNA that is within the range found for other PEPases (36). While we did not examine substrate specificity in great detail, we did find that several peptide analogs used to assay other proteases (including serine proteases) that do not contain Pro (e.g., Z-Gly-Gly-Leu-pNA, BTEE, hippuryl-L-Arg, and hippuryl-L-Phe) could not be utilized as substrates. Diprotin A, FIG. 4 . Effect of protein concentration on PEPase activity. Samples were incubated at 95°C in the presence of 25% glycerol at the protein concentrations shown. After 20 h, aliquots were removed and standard assays were performed as described in Materials and Methods. Percent activity was determined by comparing activity before and after incubation. The standard deviation at each data point is Ϯ5% .   FIG. 3 . Effect of temperature on PEPase stability. Samples were incubated at 4°C (F), 37°C (s), 65°C (ᮀ), and 95°C (Ç) in the absence (A) or presence (B) of 25% glycerol. At the times shown, aliquots were removed and standard assays were performed as described in Materials and Methods. The maximum activity corresponding to 100% was 232 U mg of protein Ϫ1 , and the final concentration of PEPase for each sample was 86 g/ml. The standard deviation at each data point is Ϯ5%.
which contains an internal Pro residue, competitively inhibited ZGPpNA hydrolysis. PEPases may be placed into two groups based on reactivity to thiol reagents (21) . One group includes enzymes that are sensitive to thiol reagents, presumably because they contain a Cys residue that is close enough to the active site to affect catalysis upon modification (19) . The second group is not affected by thiol protease inhibitors. Since there are no Cys residues in the deduced P. furiosus prpA sequence, it was expected that PEPase from this archaeon would belong to the latter group. Indeed, PEPase catalytic activity was not influenced by thiol inhibitors E-64 and TLCK. Furthermore, we could not find any evidence for activation by thiol compounds (12a). Interestingly, while PEPases are serine proteases and are sensitive to the serine protease inhibitor diisopropyl fluorophosphate, a characteristic of this family of proteases is their resistance to PMSF (5, 21) . This was not found to be the case for the P. furiosus PEPase, which appears to be unique in its sensitivity to PMSF. While we did not examine the nature of PMSF inhibition, it is likely that PMSF influenced catalytic activity by interacting directly with active-site residues. Thus, under this scenario, the catalytic Ser of the P. furiosus PEPase would be more accessible to PMSF than other PEPases. Clearly, more studies are necessary in order to determine the basis for PMSF sensitivity.
Based on the DNA sequence, the prpA product was expected to have a molecular mass of approximately 71 kDa (25) . Under denaturing conditions, both the enzyme purified from the heterologous E. coli host and the enzyme partially purified from P. furiosus were found to possess a molecular mass of approximately 70 kDa. However, size exclusion chromatography studies demonstrated that the native enzyme had an apparent molecular mass of approximately 59 kDa. The 11-kDa difference in size might be explained as an artifact of chromatographic conditions, for instance, a result that would occur if the enzyme interacted with the gel matrix. We note, however, that similar results were obtained regardless of gel matrix composition or when 150 mM KCl was added to the elution buffer (12a). Alternatively, the smaller-than-expected size may reflect some structural property of the enzyme that, at the 4°C temperature at which chromatography was performed, puts it into a more compact conformation than that which occurs at its operating temperature. Temperature-dependent unfolding of protein structure has been shown to coincide with catalytic activation for many hyperthermophilic enzymes (9, 16) . Further studies are necessary to understand the nature of the apparent size difference between native and denatured PEPase.
At high protein concentrations, PEPase was found to be capable of autoproteolysis. It is conceivable that this activity might be important for regulating PEPase levels in P. furiosus. Proteolysis appears to be random at 30 Pro residues scattered throughout the 616-amino-acid sequence since, under no circumstance, did we find an increase in the level of any particular polypeptide that would result from cleavage at one or more specific Pro residues (Fig. 5) (8a) . In general, PEPases are limited to using small Pro-containing peptides as substrates (21, 36) . The fact that the P. furiosus PEPase is able to recognize sites within larger proteins such as itself and azocasein hints that such an activity may be relevant to its role in P. furiosus.
PEPase activity was significantly higher in P. furiosus cultures grown in the presence of maltose than in those grown without the carbohydrate. This finding is consistent with previous results for prpA mRNA (25) , levels of which are elevated as much as 10-fold in maltose-containing cultures, and indicates that control of PEPase levels appears to be predominately at the level of transcription. The requirement for increased PEPase during growth in the presence of maltose is presently not understood and is in contrast to that observed for overall protease activity in P. furiosus, which decreases in maltose-containing cultures (1) . Since the growth rate of P. furiosus cultures is also affected by maltose (26) , PEPase levels may also be influenced by changes in growth rate.
